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The impact of introducing a 3,6,9-trioxadecyloxyl group at various positions of the desazadesferrithiocin
(DADFT) aromatic ring on iron clearance and organ distribution is described. Three DADFT polyethers are
evaluated: (S)-4,5-dihydro-2-[2-hydroxy-4-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-4-thiazolecarboxylic acid
[(S)-4′-(HO)-DADFT-PE, 3], (S)-4,5-dihydro-2-[2-hydroxy-5-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-4-
thiazolecarboxylic acid [(S)-5′-(HO)-DADFT-PE,6], and (S)-4,5-dihydro-2-[2-hydroxy-3-(3,6,9-trioxade-
cyloxy)phenyl]-4-methyl-4-thiazolecarboxylic acid [(S)-3′-(HO)-DADFT-PE,9]. The iron-clearing efficiency
(ICE) in rodents and primates is shown to be very sensitive to which positional isomer is evaluated, as is
the organ distribution in rodents. The polyethers had uniformly higher ICEs than their corresponding parent
ligands in rodents, consistent with in vivo ligand-serum albumin binding studies. Ligand9 is the most
active polyether analogue in rodents and is also very effective in primates, suggesting a higher index of
success in humans. In addition, this analogue is also shown to clear more iron in the urine of the primates
than many of the other chelators. If this trend were also observed in patients, it would facilitate iron-balance
studies in a clinical setting.

Introduction

Humans have evolved a highly efficient iron management
system in which we absorb and excrete only about 1 mg of the
metal daily; there is no mechanism for the excretion of excess
iron.1 Whether derived from transfused red blood cells2-4 or
from increased absorption of dietary iron,5,6 without effective
treatment, body iron progressively increases with deposition in
the liver, heart, pancreas, and elsewhere. Iron accumulation
eventually produces (i) liver disease that may progress to
cirrhosis,7-9 (ii) diabetes related both to iron-induced decreases
in pancreaticâ-cell secretion and to increases in hepatic insulin
resistance,10,11 and (iii) heart disease, still the leading cause of
death in thalassemia major and related forms of transfusional
iron overload.1,12,13

Although iron comprises 5% of the earth’s crust, living
systems have great difficulty in accessing and managing this
vital micronutrient. The low solubility of Fe(III) hydroxide (Ksp

) 1 × 10-39),14 the predominant form of the metal in the bio-
sphere, has led to the development of sophisticated iron storage
and transport systems in nature. Microorganisms utilize low
molecular weight, virtually ferric ion-specific ligands, sidero-
phores;15,16higher eukaryotes tend to employ proteins to trans-
port and store iron (e.g., transferrin and ferritin, respectively).17-19

In humans, nontransferrin-bound plasma iron, a heterogeneous
pool of the metal in the circulation, unmanaged iron, seems to
be a principal source of iron-mediated organ damage.

The toxicity associated with excess iron, whether a systemic
or a focal problem, derives from its interaction with reactive
oxygen species, for instance, endogenous hydrogen peroxide
(H2O2).20-23 In the presence of Fe(II), H2O2 is reduced to the
hydroxyl radical (HO•), a very reactive species, and HO-, a
process known as the Fenton reaction. The Fe(III) liberated can
be reduced back to Fe(II) via a variety of biological reductants

(e.g., ascorbate), a problematic cycle. The hydroxyl radical reacts
very quickly with a variety of cellular constituents and can
initiate free radicals and radical-mediated chain processes that
damage DNA and membranes, as well as produce carcino-
gens.21,24,25 The solution to the problem is to remove excess
unmanaged iron.26

In the majority of patients with thalassemia major or other
transfusion-dependent refractory anemias, the severity of the
anemia precludes phlebotomy therapy as a means of removing
toxic accumulations of iron. Treatment with a chelating agent
capable of sequestering iron and permitting its excretion from
the body is then the only therapeutic approach available. The
iron-chelating agents now in use or under clinical evaluation27

include desferrioxamine B mesylate (DFOa), 1,2-dimethyl-3-
hydroxypyridin-4-one (deferiprone, L1), 4-[3,5-bis(2-hydrox-
yphenyl)-1,2,4-triazol-1-yl]benzoic acid (deferasirox, ICL670A),
and the desferrithiocin (DFT) analogue, (S)-2-(2,4-dihydrox-
yphenyl)-4,5-dihydro-4-methyl-4-thiazolecarboxylic acid [de-
feritrin, (S)-4′-(HO)-DADFT, 1; Table 1]. Subcutaneous (sc)
infusion of desferrioxamine B (DFO), a hexacoordinate hy-
droxamate iron chelator produced byStreptomyces pilosus,28

is still regarded as a credible treatment for handling transfusional
iron overload.2,29 DFO is not orally active and, when adminis-
tered sc, has a very short half-life in the body and must therefore
be given by continuous infusion over long periods of time.2,30

For these reasons, patient compliance is a serious problem.2,29

The orally active bidentate chelator, deferiprone, is licensed in
Europe and some other countries as second-line therapy to DFO.
Unfortunately, although it is orally active, it is less efficient
than sc DFO at removing iron.31-34 Whereas the orally active
tridentate chelator deferasirox has now been approved by the
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a Abbreviations: DADFT, desazadesferrithiocin [(S)-4,5-dihydro-2-(2-
hydroxyphenyl)-4-methyl-4-thiazolecarboxylic acid; ICE, iron-clearing ef-
ficiency; logPapp, octanol-water partition coefficient (lipophilicity); DFO,
desferrioxamine B mesylate; DFT, desferrithiocin [(S)-4,5-dihydro-2-(3-
hydroxy-2-pyridinyl)-4-methyl-4-thiazolecarboxylic acid]; NOE, nuclear
Overhauser effect; PR, performance ratio (ICEprimates/ICErodents).
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FDA, it did not demonstrate noninferiority to DFO. Furthermore,
it apparently has a somewhat narrow therapeutic window,
owing to nephrotoxicity noted in animals during the preclinical
toxicity studies.35-37 In addition, Novartis has recently (April,
2007) updated the prescribing information for deferasirox:
“Cases of acute renal failure, some with a fatal outcome, have
been reported following the postmarketing use of Exjade®
(deferasirox). Most of the fatalities occurred in patients with
multiple co-morbidities and who were in advanced stages of
their hematological disorders.”38 Finally, ligand1 is an orally
active tridentate DFT analogue now in phase I/II trials in
patients. Although the preclinical toxicity profile of1 was rela-
tively benign, that is, no geno- or reproductive toxicity and only
mild nephrotoxicity at high doses, the clinical results remain to
be elucidated. Our previous studies revealed that within a family
of desferrithiocin analogues the more lipophilic chelators have
better iron-clearing efficiency, that is, the larger the logPapp

value of the compound, the better the iron-clearing efficiency
(ICE).39-41 There also exists a second, albeit somewhat disturb-
ing relationship: in all sets of ligands, the more lipophilic
chelator is always the more toxic.39 A previous investigation
focused on the design of ligands that balance the lipophilicity/
toxicity relationship while iron-clearing efficiency is maintained.
The study began with the observation that (S)-4,5-dihydro-2-
(2-hydroxy-4-methoxyphenyl)-4-methyl-4-thiazolecarboxylic acid
[(S)-4′-(CH3O)-DADFT, 2], a 4′-methyl-ether, had excellent
iron-clearing efficiency in both rodents and primates; however,
it was unacceptably toxic.39,40Nevertheless, this established that
alkylation of the 4′-(HO) functionality of (S)-4′-(HO)-DADFT
(1) was compatible with the iron-clearing function. On the basis
of these observations, a less lipophilic, more water-soluble ligand
than 2 was assembled, the polyether (S)-4,5-dihydro-2-[2-
hydroxy-4-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-4-thiazole-
carboxylic acid [(S)-4′-(HO)-DADFT-PE,3].39

When1 was 4′-methoxylated to provide2, the ICE in a rodent
model after oral (po) administration increased substantially from
1.1 ( 0.8% to 6.6( 2.8% (p < 0.02).41 The polyether (3), in
which a 3,6,9-trioxadecyl group was fixed to the 4′-(HO) of 1,
also performed well, with an ICE of 5.5( 1.9% when
administered po (p < 0.003 vs1).39 The efficiency of1 given
po to iron-loaded primates was 16.8( 7.2%,41 while the ICE
of the 4′-(CH3O) analogue (2) given po was 24.4( 10.8%.40

The corresponding polyether (3) given po performed very well
in primates with an efficiency of 25.4( 7.4%.39

Earlier studies carried out in rodents clearly demonstrated
the polyether (S)-4′-(HO)-DADFT-PE (3) to be less nephrotoxic
than the corresponding (S)-4′-(CH3O)-DADFT analogue (2) or
the parent drug (S)-4′-(HO)-DADFT (1).39 In an attempt to
understand this difference in toxicity, the tissue levels of3 and
1 in the liver, kidney, pancreas, and heart of rodents given a
single sc 300µmol/kg dose of the chelators were measured 2,
4, 6, and 8 h after exposure.39 There were two notable
observations. At each time point, the level of the polyether3 in
the liver was much higher than that of the parent drug1. In the
kidney, the polyether concentration was lower than the parent
at 2 h and similar at later time points.39 This seemed consistent
with the reduced nephrotoxicity. Furthermore, in an experiment
in which 1 and3 were given po to the rats twice daily at a dose
of 237µmol/kg/dose (474µmol/kg/day) for 7 days,39 under light
microscopy, the proximal tubules of kidneys from the polyether
(3)-treated rodents were indistinguishable from those of the
control animals; the distal tubules presented with occasional
vacuolization but were otherwise normal.39 However, animals
treated with1 showed regional, moderate to severe vacuolization

Table 1. Iron-Clearing Activity of Desferrithiocin Analogues When
Administered Orally to Rodents and the Partition Coefficients of the
Compounds

a In the rodents [n ) 3 (6), 4 (2, 4, 5, 7, 9), 5 (3, 8), or 8 (1)], the dose
was 300µmol/kg. The compounds were solubilized in either distilled water
(3) or were given as their monosodium salts, prepared by the addition of 1
equiv of NaOH to a suspension of the free acid in distilled water (1, 2,
4-9). The efficiency of each compound was calculated by subtracting the
iron excretion of control animals from the iron excretion of the treated
animals. This number was then divided by the theoretical output; the result
is expressed as a percent. The relative percentages of the iron excreted in
the bile and urine are in brackets.b Data are expressed as the log of the
fraction in the octanol layer (logPapp); measurements were done in TRIS
buffer, pH 7.4, using a “shake flask” direct method. The values obtained
for compounds1 and2 are from ref 40; the value for3 is from ref 39; the
values for4 and5 are from ref 41; and the values for7 and8 are from ref
49. c Data are from ref 39.d Data are from ref 41.e ICE is based on a 48
h sample collection period.
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in the proximal tubules, a loss of the brush border, and tubular
extrusions toward the lumen; the distal tubules showed moderate
to severe vacuolization. These findings, coupled with the
increased ICE of the polyether3, compelled us to pursue further
studies on additional polyethers and evaluate drug tissue levels
at additional (earlier) time points.

Results and Discussion

Design Concept.Desferrithiocin, (S)-4,5-dihydro-2-(3-hy-
droxy-2-pyridinyl)-4-methyl-4-thiazolecarboxylic acid (DFT),
is a tridentate siderophore42 that forms a stable 2:1 complex
with Fe(III); the cumulative formation constant is 4× 1029

M-1.43,44 It performed well when given orally (po) in both the
bile duct-cannulated rodent model (ICE, 5.5%)45 and in the iron-
overloadedCebus apellaprimate (ICE, 16%).46,47Unfortunately,
DFT is severely nephrotoxic.47 Nevertheless, the outstanding
oral activity spurred a structure-activity study to identify an
orally active and safe DFT analogue. Our initial goal was to
define the minimal structural platform compatible with iron
clearance on po administration.47,45This was followed by a series
of structure-activity studies aimed at developing a DFT
analogue with good oral iron-clearing activity and an acceptable
toxicity profile.39,48The outcome was (S)-4′-(HO)-DADFT (1),48

now in clinical trials. However, animal studies suggested that
even in this system, the dose-limiting toxicity would likely be
nephrotoxicity. We next discovered that fixing a polyether to
the 4′-position leading to (S)-4′-(HO)-DADFT-PE (3) pro-
foundly reduced nephrotoxicity.39 The reduction in proximal
tubule damage seemed consistent with the reduced level of3
in the kidney relative to the parent ligand1 at 2 h.39

In the current study, we seek to better understand the role
the polyether fragment plays from a positional isomer stand-
point; the design strategies are based on comparative issues.
Three questions are addressed: How does altering the position
of the polyether in the aromatic ring affect (1) iron-clearing
efficiency in rodents, (2) iron-clearing efficiency in primates,
and (3) tissue distribution in rodents? With this information,
we will decide how best to conduct possible further and
protracted toxicity trials in rodents.

A simple platform, (S)-4,5-dihydro-2-(2-hydroxyphenyl)-4-
methyl-thiazolecarboxylic acid (DADFT), is evaluated in this
study. In each instance, a single substituent, hydroxy, methoxy,
or 3,6,9-trioxadecyloxy was added to the 3′ (7-9), 4′ (1-3) or
5′ (4-6) positions of the aromatic ring. In each instance, the
iron-clearance data is presented in both rodents and primates,
along with logPapp numbers (Tables 1 and 2). Historical data
are included.39-41,48,49Discussion of organ distribution of the
ligands in rodents will be limited to (S)-4′-(HO)-DADFT (1)
and the three trioxadecyloxy compounds3, 6, and9 (Figure 4).
Organ distribution data for the nonpolyethers2, 4, and5 can
be found in a previous publication.41

Synthesis.The syntheses of (S)-4,5-dihydro-2-[2-hydroxy-
5-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-4-thiazolecarboxyl-
ic acid [(S)-5′-(HO)-DADFT-PE,6] and (S)-4,5-dihydro-2-[2-
hydroxy-3-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-4-
thiazolecarboxylic acid [(S)-3′-(HO)-DADFT-PE (9)] were
achieved by first converting (S)-2-(2,5-dihydroxyphenyl)-4,5-
dihydro-4-methyl-4-thiazolecarboxylic acid [(S)-5′-(HO)-DAD-
FT, 4] and (S)-2-(2,3-dihydroxyphenyl)-4,5-dihydro-4-methyl-
4-thiazolecarboxylic acid [(S)-3′-(HO)-DADFT, 7] to their
isopropyl ester10 and ethyl ester11, respectively (Scheme 1).
(S)-5′-(HO)-DADFT (4) was converted to its isopropyl ester
10 in quantitative yield by alkylation with 2-iodopropane (1.8
equiv) in DMF in the presence ofN,N-diisopropylethylamine

(1.8 equiv). The ethyl ester of (S)-3′-(HO)-DADFT, 11, was
accessed by alkylation of7 with iodoethane (1.8 equiv) and
N,N-diisopropylethylamine (1.8 equiv) in DMF. Compounds10
and11 were then alkylated at the 5′-hydroxyl and 3′-hydroxyl
using an equimolar amount of tri(ethylene glycol) monomethyl
ether under Mitsunobu conditions [diisopropyl azodicarboxylate
(1.19 equiv) and triphenylphosphine (1.23 equiv) in THF],
providing (S)-5′-(HO)-DADFT-PE-iPrE (12) and (S)-3′-(HO)-
DADFT-PE-EE (13) in 52 and 25% yields, respectively.
Hydrolysis of isopropyl and ethyl ester with 50% NaOH in
methanol followed by acidification with 2 N HCl furnished (S)-
5′-(HO)-DADFT-PE (6, 97%) and (S)-3′-(HO)-DADFT-PE (9)
in 60% yield.

Structural Assignment. To demonstrate that the polyether
chain of 9 was indeed fixed to the 3′-position and not to its
2′-hydroxyl, proton nuclear Overhauser effect (NOE) difference
spectra were acquired and the results are shown in Figure 1.
Low-power saturation of the resonance at 4.28 ppm, assigned
to the protons of the polyether’s methylene (g) most proximate
to the aromatic residue, enhanced the signal for the adjacent
methylene (e) at 3.94 ppm by 6%, while a single aromatic signal
at 7.30 ppm (i) also showed a significant enhancement of 11%.
These observations are consistent with the structure for9.

Proton NOE difference spectroscopy was also used to verify
that alkylation of the polyether chain occurred at the 5′-position
in 12 and not at the more sterically hindered 2′-hydroxyl; these
results are shown in Figure 2. Irradiation of the signal at 4.10
ppm, assigned to methylene (h) in the polyether chain, enhanced
the neighboring methylene (f) resonance at 3.84 ppm by 6%,
and two aromatic signals at 6.94 ppm (j) and 7.01 ppm (k)
showed significant enhancements of 13% and 7%, respectively.
These enhancements indicate that the structure for12 is
correct as shown, and thus, the resulting hydrolysis product is
indeed6.

Chelator-Induced Iron Clearance in Non-Iron-Overloaded
Rodents.We previously demonstrated that in the (S)-4′-(HO)-
DADFT series, (S)-4′-(HO)-DADFT (1), (S)-4′-(CH3O)-DADFT
(2), and (S)-4′-(HO)-DADFT-PE (3), both the methoxy ligand
(2; ICE 6.6 ( 2.8%) and the polyether (3; ICE 5.5 ( 1.9%)
were more efficient iron chelators than the parent ligand1; ICE
1.1 ( 0.8% (p < 0.02 vs2 andp < 0.003 vs3), respectively
(Table 1).39 Recall that iron-clearing efficiency (ICE) is defined
as (net iron excretion)/(total iron-binding capacity of the
chelator), expressed as a percent. The relative ICE values of
compounds1 and2 were in keeping with their logPapp values:
the more lipophilic, the larger logPapp, the more efficient the
chelator. This was not the case with the polyether analogue3;
it was much more active than its logPappwould have predicted.
However, the ICE trend was in keeping with the biliary
ferrokinetics (Figure 3) and liver concentration of the chelators,
for example,3 > 1 (Figure 4).

With the (S)-5′-(HO)-DADFT series (Table 1), (S)-5′-(HO)-
DADFT (4), (S)-4,5-dihydro-2-(2-hydroxy-5-methoxyphenyl)-
4-methyl-4-thiazolecarboxylic acid [(S)-5′-(CH3O)-DADFT, 5],
and (S)-5′-(HO)-DADFT-PE (6), both the methoxy analogue5
(ICE 6.3( 1.2%) and the polyether6 (ICE 8.0( 1.8%) were
more efficient iron chelators than the parent ligand4 (ICE 1.0
( 0.9%, p < 0.001 vs5 and p < 0.005 vs6, respectively).
Again, the relative ICEs of4 versus5 were in keeping with the
log Pappand liver concentrations.41 Although liver concentration
(Figure 4) was a good indicator of the ICE of polyether6,
relative to4,41 log Papp was not. It is notable that in both the
(S)-5′-(HO)-DADFT and the (S)-4′-(HO)-DADFT series, the
corresponding HO-, CH3O-, and polyether ligands have
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similar ICE values and similar iron-clearance distribution in the
urine and bile (Table 1).

The ICEs of the (S)-3′-(HO)-DADFT set of compounds7-9
are very different than the 4′-(HO) and 5′-(HO) series. The
ligands are, as a family, more efficient at clearing iron (Table
1). Again, although the relative iron-clearing efficiencies are
predicted by the logPappvalues for the 3′-(HO) and 3′-(CH3O)
compounds, the ICE for the 3′-polyether (9) is not. What is
most relevant in this instance is the profound difference in ICE
between the 3′-polyether (9) and the 4′-polyether (3); the 3′-
ligand (9) is nearly 200% more effective (10.6( 4.4% vs 5.5
( 1.9%,p < 0.05). The ICE of9 is also greater than that of
the 5′-polyether6 (10.6( 4.4% vs 8.0( 1.8%, respectively),
but the increase is slightly less than significant (p ) 0.06). The
modes of iron excretion, urine versus bile, are similar.

The biliary ferrokinetics of the parent1 and the three
polyethers3, 6, and9 (Figure 3) show that the iron clearance
(µg/kg) of ligand1 peaks at 3 h postdrug and never exceeds 68
µg/kg. The iron excretion induced by the 4′- and 5′-polyethers
(3 and6) also peak at 3 h, but at much higher levels, 183 and
388µg/kg, respectively (p < 0.001 for1 vs 3 or 6). The biliary
iron content of 3′-polyether9 treated animals is greatest at 6 h,
287 µg/kg. In addition, while the biliary iron clearance for1,
3, and6 have returned to baseline levels by 15 h, the 3′-polyether
(9) remains well above this until>30 h (data not shown). The
delayed peak in iron excretion and duration of activity of9 are
also reflected in the tissue distribution studies (Figure 4),
discussed below.

Chelator-Induced Iron Clearance in Iron-Overloaded
Cebus apellaPrimates. The iron-clearance data for all three
sets of ligands are presented (Table 2). In the case of the (S)-
4′-(HO)-DADFT series in primates, while the mean ICE values
for (S)-4′-(HO)-DADFT (1) and (S)-4′-(CH3O)-DADFT (2)
suggest a correlation with logPapp, for example, the ICE of the
more lipophilic analogue2 (24.4 ( 10.8%)40 > 1 (16.8 (
7.2%),48 the increase is not significant. Although (S)-4′-(HO)-
DADFT-PE (3) is the least lipophilic chelator in the1-3 series,
it is just as efficient (ICE, 25.4( 7.4%)39 as analogue2 and is
slightly more effective than the parent1, although the increase
was not quite significant (p ) 0.06). In the case of the (S)-5′-
(HO)-DADFT analogues4-6, the ligands’ ICE trend correlates
well with log Papp. The ICE of the most lipophilic ligand5 (18.9
( 2.3%) is more than twice as efficient as the least lipophilic
analogue6 (ICE 8.1( 2.8%,p < 0.001);5 is also more efficient
than chelator4, ICE 12.6( 3.0% (p < 0.01).41 With the (S)-
3′-(HO)-DADFT analogues7-9, while there are clear differ-
ences in logPapp, the ICEs of the three ligands are all within
error of each other (Table 2).

A final, comparative note concerning the polyether ligands
relates to the biliary versus urinary metal excretion. In the rodent
model, the numbers are generally similar, with nearly all of the
iron excreted in the bile (Table 1). This is not the case with the
primates; a much larger fraction of the iron is found in the urine
(Table 2). The most notable cases are (S)-5′-(HO)-DADFT-PE
(6) with 56/44 feces/urine ratio and (S)-3′-(HO)-DADFT-PE (9)
with 72/28 feces/urine ratio in primates. In rodents, these
numbers are 98/2 and 95/5, respectively.

Iron-Clearance Performance Ratio in Primates versus
Rodents. The performance ratio (PR), defined as the mean
ICEprimates/ICErodents, is noteworthy (Table 3). At first glance, it
does not seem surprising that the ligands uniformly perform
better in the iron-overloaded primates than in the non-iron-
overloaded rats (Tables 1 and 2). The mean ICE for the primate
group can be compared with the mean ICE of the rodent group

Table 2. Iron-Clearing Activity of Desferrithiocin Analogues When
Administered Orally toCebus apellaPrimates and the Partition
Coefficients of the Compounds

a In the monkeys [n ) 4 (3-7), 5 (8), 6 (1), or 7 (2, 9)], the drugs were
given po at a dose of 75µmol/kg (6, 9) or 150µmol/kg (1-5, 7-8). The
compounds were solubilized in either distilled water (3), 40% Cremophor
(2, 7, 8), or were given as their monosodium salts, prepared by the addition
of 1 equiv of NaOH to a suspension of the free acid in distilled water (1,
4-6, 9). The efficiency of each compound was calculated by averaging
the iron output for 4 days before the administration of the drug, subtracting
these numbers from the two-day iron clearance after the administration of
the drug and then dividing by the theoretical output; the result is expressed
as a percent. The relative percentages of the iron excreted in the stool and
urine are in brackets.b Data are expressed as the log of the fraction in the
octanol layer (logPapp); measurements were done in TRIS buffer, pH 7.4,
using a “shake flask” direct method. The values obtained for compounds1
and2 are from ref 40; the value for3 is from ref 39; the values for4 and
5 are from ref 41; the values for7 and8 are from ref 49.c Data are from
ref 48. d Data are from ref 40.e Data are from ref 39.f Data are from ref
41. g The dose was 75µmol/kg. h Data are from ref 49.
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(Table 3). Although the standard deviations for the two species
are not equivalent for1-5 and 7-9, this is not a concern
because the intervals containing the means do not interact. This
is not the case with the 5′-polyether (6), whose ICE is virtually
identical in the two species. The largest differences in perfor-
mance ratios generally unfold with the parent ligands1, 4, and
7. However, the fact that the ratios change so profoundly within
sets (i.e.,1 vs 2 and3, 4 vs 5 and6, and7 vs 8 and9) suggests
that the difference in ICE in primates versus rodents is not based
entirely on the fact the monkeys are iron-overloaded, while the
rodents are not.

Possible Impact of Ligand-Albumin Binding on ICE. In
an attempt to understand the differences in ICE between the

parent ligands1, 4, and 7 and their analogues in the rodent
model, we conducted a series of experiments focused on ligand-
albumin binding. We elected to focus on the drug that is under
clinical trials with Genzyme, (S)-4′-(HO)-DADFT (1). Recall
the corresponding polyether (3) performed significantly better
in the rodent (ICE 5.5( 1.9% vs 1.1( 0.8% for 3 and 1,
respectively).39 A series of comparative experiments in rats
focused on displacing (S)-4′-(HO)-DADFT (1) and (S)-4′-(HO)-
DADFT-PE (3) from serum albumin binding sites were carried
out. Benzoic acid has been well established as a ligand that
will displace drugs from both sites in human serum albumin.50

We elected to evaluate the impact of treating bile duct-
cannulated rodents with sodium benzoate to displace any

Figure 1. 1H resonances and pertinent homonuclear NOE correlations for (S)-3′-(HO)-DADFT-PE (9); the percent NOE is indicated next to the
dotted lines.

Figure 2. 1H resonances and pertinent homonuclear NOE correlations for (S)-5′-(HO)-DADFT-PE-iPrE (12); the percent NOE is indicated next
to the dotted lines.
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chelator potentially bound to Sudlow types I and II albumin
binding sites.50 Five experiments were carried out (Table 4).
Rodents were given (i) sodium benzoate dissolved in distilled
water at 250 mg/kg/dose sc times six doses, (ii) (S)-4′-(HO)-
DADFT (1) po at 300µmol/kg, and (iii)1 given po at 300µmol/
kg plus sodium benzoate (250 mg/kg/dose). The sodium
benzoate was given 0.5 h pre-1 and hourly thereafter for five
additional doses, (iv) (S)-4′-(HO)-DADFT-PE (3) administered
po at 300µmol/kg, or (v) 3 dosed at 300µmol/kg po plus
sodium benzoate (250 mg/kg/dose). The sodium benzoate was
again given 0.5 h pre-3 and hourly thereafter for five additional
doses. The results (Table 4) indicate that the sc administration
of sodium benzoate itself does not induce the clearance of any
iron. However, when sodium benzoate is administered to the
rodents as described above in addition to1, there is a 10.9-fold
increase in the ICE, from 1.1( 0.8% to 12.0( 2.6% (p <
0.001). Under the same conditions, the ICE of (S)-4′-(HO)-
DADFT-PE (3) also increases but by a much smaller magnitude,
from 5.5( 1.9% to 8.8( 2.4% (p < 0.05), a 1.6-fold increase.
Lower dosing of sodium benzoate had a lesser effect on
increasing the ICE of1 (data not shown). These data are
consistent with the idea that the difference in ICE in rodents
between parent ligands and the corresponding polyethers may
well be dependent on ligand-albumin binding differences. The
data may also be consistent with the difference in performance
ratios in primates versus rodents, that is, the ligands may
uniformly bind less tightly to primate albumin than to rodent
albumin. This is currently under investigation along with human
ligand-albumin binding.

Chelator Tissue Distribution in Rodents.Two issues were
addressed regarding moving the 3,6,9-trioxadecyloxy (polyether)
group around the DADFT aromatic ringsthe impact on ICE
and the effect on tissue distribution. These assessments represent
the first step in identifying which, if any, additional DADFT
polyethers should be moved forward into protracted toxicity
trials in rodents. The current study clearly indicates that moving
the polyether from the 4′- to the 3′- or 5′-position of the aromatic
ring of DADFT can have a profound effect on ICE (Tables 1
and 2) and tissue distribution (Figure 4) of the resulting ligands.
In the kidney (Figure 4) at the 0.5 h time point, the 5′-polyether
(6) achieved the highest concentration (643( 92 nmol/g wet
weight), followed by the 4′-polyether (3; 368( 74 nmol/g wet
weight,p < 0.01 vs6) and 3′-polyether (9; 280 ( 26 nmol/g
wet weight,p < 0.01 vs6). Interestingly, at this time point, the
concentration of the 4′-polyether (3) and the parent (1; 361 (
56 nmol/g wet weight) were nearly identical (p > 0.05). At 1

h, again the 5′-ligand (6) was most concentrated (435( 111
nmol/g wet weight), with the 3′-chelator (9) and 4′-chelator (3)
achieving very similar levels (259( 35 and 252( 10 nmol/g
wet weight, respectively). The parent drug1 was the least
concentrated (179( 4 nmol/g wet weight). At 2 h, the relative
kidney levels are indeed different. Again, the 5′-ligand (6) was
most concentrated (321( 20 nmol/g wet weight)>> 9; 145
( 27 nmol/g wet weight>> 3; 41 ( 3 nmol/g wet weight (p
< 0.001 for6 vs 9 or 3). At 4 h, the order was now6 (116 (
65 nmol/g wet weight) ≈ 9 (90 ( 7 nmol/g wet weight) > 3
(34 ( 13 nmol/g wet weight) ≈ 1 (27 ( 7 nmol/g wet weight).
Recall that previous studies demonstrated the 4′-polyether (3)
to be much less nephrotoxic than the parent drug (S)-4′-(HO)-
DADFT (1).39 This was consistent with the relative tissue levels
at the 2 h time point: the 4′-polyether concentration3 was much
lower than the parent1.39 However, renal concentration data
derived from time points taken earlier than 2 h are not consistent
with the idea that reduced nephrotoxicity of the 4′-polyether
(3) relative to the parent (1) can be explained simply by lower
kidney chelator levels.

At 0.5 h, the liver concentrations of the three polyether ligands
(Figure 4) follow the same relative order as seen in the kidney,
6 (483 ( 85 nmol/g wet weight)> 3 (339 ( 35 nmol/g wet
weight) > 9 (242 ( 38 nmol/g wet weight). At 1 h the
concentrations of all three polyether analogues are similar in
the liver (≈315 nmol/g wet weight). Interestingly, at 1 h, the
concentration of the 3′-polyether (9) has significantly increased
from 242 ( 38 nmol/g wet weight to 318( 46 nmol/g wet
weight (p < 0.05), while the concentrations of6 and 3 have
decreased by 36% and 6%, respectively. At 2 and 4 h, the 3′-
ligand (9) is the most concentrated in the liver, followed by the
5′-analogue (6) and 4′-analogue (3). The liver concentration of
the parent1 is lower than the polyethers at all time points (Figure
4).

In the heart, at 0.5 h (Figure 4), the relative concentration of
the polyethers (6 > 3 > 9) follows the same trend as in the
kidney and liver at the same time point. However, the actual
levels are much lower,<90 nmol/g wet weight. The order of
concentration in the heart remains the same at 1 and 2 h. At 4
h, the 5′-ligand (6) is still the most concentrated chelator.
Although the parent drug1 is higher than9 at 0.5 h, it is the
least concentrated ligand at all other time points (Figure 4).

In the pancreas (Figure 4), the relative concentration of the
polyethers is6 > 3 > 9 at all time points. The tissue content of
both 3 and9 increase from 0.5 to 1 h (Figure 4). At 2 h, the
levels of3 and6 are similar (≈30 nmol/g wet weight), while
the concentration of9 is 16 nmol/g wet weight. The parent drug
(1) is higher in concentration than3 and9 at 0.5 h and similar
at 1 h (Figure 4). At 2 h,1 is the least concentrated ligand and
is undetectable at 4 h.

The plasma chelator concentration data (Figure 4) are
consistent with the idea that the ligands are cleared quickly. At
0.5 h, the plasma ligand levels [6 (324 ( 20 µM) > 3 (194 (
60 µM) > 9 (62 ( 24 µM)] mirror what is occurring in the
liver, kidney, pancreas, and heart. At 1 h, while the order is the
same,6 has diminished by 39%,3 has diminished by 28%, and
9 has diminished by 26%. At 2 h,6 is now down by 54%,3 is
down by 92%, and9 is down by 61%. At 4 h,6 has dropped
by 82%,3 has dropped by 97%, and9 has dropped by 79%.
The drop in plasma concentration of ligand3 is considerably
faster than the disappearance of6 or 9. However, 9 never
achieves plasma levels close to3 and6. The parent drug1 is
only higher in concentration than9 at 0.5 h; it is lower than all
other ligands at all other time points (Figure 4). This observation

Figure 3. Biliary ferrokinetics of rats treated with DADFT analogues
1, 3, 6, and9 given po at a dose of 300µmol/kg. The iron clearance
(y-axis) is reported asµg of iron per kg body weight.
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relative to liver concentrations of the chelators suggests an
efficient first-pass clearance of1 and9. Because of the excellent
ICE of the 3′-polyether (9) and its moderate kidney concentra-
tions, this ligand will be moved forward into preclinical toxicity
trials. What is particularly intriguing about this ligand is the
fact that it performs so well in both the rodents and the primates,
suggesting a higher index of success in humans.

Conclusion

Early studies clearly demonstrated the polyether (S)-4′-(HO)-
DADFT-PE (3) to be profoundly less nephrotoxic in rodents
than the corresponding (S)-4′-(CH3O)-DADFT (2) or the parent
drug (S)-4′-(HO)-DADFT (1).39 The polyether3 was also shown
to have excellent iron-clearing efficiency in primates. The
histopathology of kidneys of rats treated with (S)-4′-(HO)-
DADFT-PE (3) presented with significantly fewer structural
alterations in the proximal tubules than did tissues taken from
rodents exposed to the parent ligand1.39 Initial kidney tissue
level measurements taken at 2 h from animals treated with the
4′-polyether (3) seemed consistent with the histopathology; there
was less polyether in the kidney than the parent drug and less
nephrotoxicity.39 The ICE in both rodents and primates and the

absence of toxicity seen with the 4′-polyether (3) compelled us
to investigate the impact of fixing the 3,6,9-polyether chain to
the aromatic ring of DADFT at positions other than the 4′-carbon
had on ICE and ligand tissue distribution. Two systems were
chosen, (S)-3′-(HO)-DADFT-PE (9) and (S)-5′-(HO)-DADFT-
PE (6; Tables 1 and 2).

The key step in the assembly of the two ligands (Scheme 1)
involved alkylation of either 2,5-dihydroxy isopropyl ester (10)
or the 2,3-dihydroxy ethyl ester (11) with tri(ethylene glycol)
monomethyl ether under Mitsunobu conditions. This alkylation
was followed by ester hydrolysis. Mitsunobu alkylation was
highly specific for the 5′ or the 3′ and did not involve the 2′-
(HO), probably for steric reasons. The regioselectivity of the
reaction was consistent with nuclear Overhauser effect difference
spectra (Figures 1 and 2) of both polyethers9 and12.

While log Papp was a predictor of ICE in the rodents in the
case of the methoxylated analogues versus their corresponding
parents (1 vs2), (4 vs5), and (7 vs8) and with the 5′-substitued
ligands4-6 in primates, it was not a useful tool for parent
versus polyether. In each set of compounds in rodents, the ICE
of the polyether was significantly greater than that of the parent
ligand (1 vs 3, 500%,p < 0.003;4 vs 6, 800%,p < 0.005 and

Figure 4. Tissue distribution in plasma, kidney, liver, heart, and pancreas of rats treated with DADFT analogues1, 3, 6, and9 given sc at a dose
of 300 µmol/kg. The concentrations (y-axis) are reported asµM (plasma) or as nmol compound per g wet weight of tissue. For all time points,
n ) 3.
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7 vs 9, 230%,p < 0.05; Table 1). This suggested that there
may well be additional parameters beyond ligand-metal access
that control ICE: efficiency of the metal complex transport
through various organic anion transports, such as cMOAT, log
Papp of the metal complexes themselves, and ligand-albumin
binding.

The ICE differences between parent and polyether, for
example, (S)-4′-(HO)-DADFT (1) and (S)-4′-(HO)-DADFT-PE
(3), in rodents was shown to parallel ligand-albumin binding
differences (Table 3). Rodents were given sodium benzoate, a
compound known to displace ligands from Sudlow types I and
II albumin binding sites, along with either1 or 3. The sc
administration of sodium benzoate increased the ICE of1 by
10.9-fold (p < 0.001). The ICE of animals given ligand3 and
sodium benzoate also increased, but only by 1.6-fold (p < 0.05).
This may ultimately explain, at least in part, the difference in
ligand ICE in primates versus rodents. The chelators may
uniformly bind more weakly to primate albumin.

In the primates, the differences in ligand ICE were not as
profound and were generally within experimental error (Table
2), except for4 versus6, in which the parent’s ICE (12.6(
3.0%) was greater than that of the corresponding polyether6
(8.1 ( 2.8%,p < 0.05).

The effect of altering the position of the polyether on ligand-
tissue concentrations is significant (Figure 4). The trend in all
tissue concentrations except the liver is generally (S)-5′-(HO)-
DADFT-PE (6) > (S)-4′-(HO)-DADFT-PE (3) > (S)-3′-(HO)-
DADFT-PE (9). In the liver at 0.5 h, the concentrations are
also6 > 3 > 9 > 1, and at 1 h,6 ≈ 3 ≈ 9 >> 1. However,
beyond that time point,9 achieves and remains at the highest
concentration. The most confounding piece of data is associated
with the kidney ligand concentration of (S)-4′-(HO)-DADFT-
PE (3) at time points earlier than 2 h. Previous studies clearly
demonstrated the 4′-polyether (3) to be much less nephrotoxic
than the parent drug (S)-4′-(HO)-DADFT (1).39 This was
consistent with the renal tissue levels (1 > 3) at the 2 h time
point.39 However, in the current study,1 and3 were found to
have similar concentrations at 0.5 h; ligand3 is actually slightly
higher than1 at 1 h. Thus, it seems that the reduced toxicity of

the polyether3 relative to the parent1 cannot be explained
simply by kidney chelator concentrations.

Finally, the performance ratios (ICEprimates/ICErodents) of
ligands 3, 6, and 9 (Table 3) are alle4.6, suggesting com-
parable iron clearance between the two species. Although ligand
6 has virtually identical ICEs in the primates and rodents (PR
) 1.0), it is the least efficient (ICE 8.1( 2.8%) of the three
polyethers in primates and will not be pursued further. While
3′-(CH3O)-DADFT (8) is the most effective chelator in rodents
(12.4( 3.5%) and performs well in primates (22.5( 7.1%), it
is expected to have a toxicity profile (nephrotoxicity) similar
to that of the 4′- and 5′-(CH3O)-DADFT ligands239 and5,41

respectively, and will not be moved forward. The (S)-3′-(HO)-
DADFT-PE (9) works well in both primates (24.5( 7.6%) and
rats (10.6( 4.4%), PR 2.3, suggesting a higher index of success
in a third species, humans. In addition, if the relatively large
fraction of the iron excreted in the urine of the monkeys were
also found in the urine of patients, performance of iron-balance
studies would be facilitated. This chelator will be moved forward
into protracted preclinical toxicological assessments in rodents.

Experimental Section

C. apellamonkeys were obtained from World Wide Primates
(Miami, FL). Male Sprague-Dawley rats were procured from
Harlan Sprague-Dawley (Indianapolis, IN). Cremophor RH-40 was
acquired from BASF (Parsippany, NJ). Ultrapure salts were
purchased from Johnson Matthey Electronics (Royston, U.K.). All
hematological and biochemical studies47 were performed by Antech
Diagnostics (Tampa, FL). Atomic absorption (AA) measurements
were made on a Perkin-Elmer model 5100 PC (Norwalk, CT).
Histopathological analysis was carried out by Florida Vet Path
(Bushnell, FL).

Cannulation of Bile Duct in Non-Iron-Overloaded Rats.The
cannulation has been described previously.46,47 Bile samples were
collected from male Sprague-Dawley rats (400-450 g) at 3 h
intervals for up to 48 h. The urine sample(s) was taken at 24 h
intervals. Sample collection and handling are as previously
described.46,47

Iron Loading of C. apellaMonkeys.The monkeys (3.5-4 kg)
were iron overloaded with intravenous iron dextran as specified in

Scheme 1.Synthesis of (S)-5′-(HO)-DADFT-PE (6) and (S)-3′-(HO)-DADFT-PE (9)a

a Reagents and conditions: (a) EtI/i-PrI (1.8 equiv), DIEA (1.8 equiv), DMF, rt, 8 d, quant; (b) CH3[O(CH2)2]3OH (1.0 equiv), DIPAD (1.2 equiv), PPh3

(1.2 equiv), dry THF, 5°C, 1 d, 52% (12), 25% (13); (c) 50% NaOH (13 equiv), CH3OH, 2 N HCl, rt, 97% (6), 60% (9).
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earlier publications to provide about 500 mg of iron per kg of body
weight;51 the serum transferrin iron saturation rose to between 70
and 80%. At least 20 half-lives, 60 d,52 elapsed before any of the
animals were used in experiments evaluating iron-chelating agents.

Primate Fecal and Urine Samples.Fecal and urine samples
were collected at 24 h intervals and processed as described
previously.46,47,53 Briefly, the collections began 4 d prior to the
administration of the test drug and continued for an additional 5 d

after the drug was given. Iron concentrations were determined by
flame atomic absorption spectroscopy as presented in other publica-
tions.46,54

Drug Preparation and Administration. In the iron-clearing
experiments, the rats were given a single 300µmol/kg dose of drugs
1-9 orally (po). The compounds were administered as (1) a solution
in water (3) or (2) the monosodium salt of the compound of interest
(prepared by the addition of 1 equiv of NaOH to a suspension of
the free acid in distilled water (1-2, 4-9).

The drugs were given to the monkeys po at a dose of 75µmol/
kg (6, 9) or 150µmol/kg (1-5, 7-8). The drugs were prepared as
for the rats, except that2 and 7-8 were solubilized in 40%
Cremophor RH-40/water.

Calculation of Iron Chelator Efficiency. The theoretical iron
outputs of the chelators were generated on the basis of a 2:1
complex. The efficiencies in the rats and monkeys were calculated
as set forth elsewhere.48 Data are presented as the mean( the
standard error of the mean;p-values were generated via a one-
tailed student’st-test, in which the inequality of variances was
assumed, and ap-value of<0.05 was considered significant.

Collection of Tissue Distribution Samples from Rodents.Male
Sprague-Dawley rats (250-350 g) were given a single sc injection
of the monosodium salts of6 and9 prepared as described above at
a dose of 300µmol/kg. At times 0.5, 1, 2, and 4 h after dosing (n
) 3 rats per time point), the animals were euthanized by exposure
to CO2 gas. Blood was obtained via cardiac puncture into
vacutainers containing sodium citrate. The blood was centrifuged,
and the plasma was separated for analysis. The liver, heart, kidneys,
and pancreas were then removed from the animals.

Tissue Analytical Methods.Tissue samples of animals treated
with (S)-4′-(HO)-DADFT (1) and (S)-4′-(HO)-DADFT-PE (3) were
prepared for HPLC analysis as previously described.39 In the current
study, tissues from the (S)-3′-(HO)-DADFT-PE (9) and (S)-5′-(HO)-
DADFT-PE (6) treated rats were prepared for HPLC analysis by
homogenizing them in 0.5 N HClO4 at a ratio of 1:3 (w/v). Then,
as a rinse, CH3OH at a ratio of 1:3 (w/v) was added, and the mixture
was stored at-20°C for 30 min. This homogenate was centrifuged.
The supernatant was diluted with mobile phase A (95% buffer [25
mM KH2PO4, pH 3.0]/5% CH3CN), vortexed, and filtered with a
0.2 µm membrane.

Analytical separation was performed on a Discovery RP Amide
C16 HPLC system with UV detection at 310 nm as described
previously.55,56Mobile phase and chromatographic conditions were
as follows: solvent A, 5% CH3CN/95% buffer; solvent B, 60%
CH3CN/40% buffer.

The concentrations were calculated from the peak area fitted to
calibration curves by nonweighted least-squares linear regression
with Rainin Dynamax HPLC Method Manager software (Rainin
Instrument Co.). The method had a detection limit of 0.25µM and
was reproducible and linear over a range of 1-1000µM.

Tissue distribution data are presented as the mean;p-values were
generated via a one-tailed student’st-test, in which the inequality
of variances was assumed and ap-value of<0.05 was considered
significant.

Synthetic Methods.Compounds4 and7 were synthesized using
the method published by this laboratory.41,49 Reagents were
purchased from Aldrich Chemical Co. (Milwaukee, WI), and Fisher
Optima grade solvents were routinely used. DMF was distilled under
inert atmosphere and THF was distilled from sodium and ben-
zophenone. Reactions were run under a nitrogen atmosphere, and
organic extracts were dried with sodium sulfate and filtered. Silica
gel 40-63 from SiliCycle, Inc. (Quebec City, QC, Canada) was
used for flash column chromatography. C-18 for reverse phase
column chromatography was obtained from Sigma Chemical Co.
Optical rotations were run at 589 nm (sodium D line) utilizing a
Perkin-Elmer 341 polarimeter, withc being the concentration in
grams of compound per 100 mL of solution in chloroform.1H NMR
spectra were recorded at 400 MHz and chemical shifts (δ) are given
in parts per million downfield from tetramethylsilane for CDCl3

(not indicated) or sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4

for D2O. 13C spectra were run at 100 MHz and chemical shifts (δ)

Table 3. Iron-Clearing Efficiency Performance Ratios of Desferrithiocin
Analogues in Primates versus Rodents
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are given in parts per million referenced to the residual solvent
resonance in CDCl3 (δ 77.16). Coupling constants (J) are in hertz,
and the base peaks are reported for the ESI-FTICR mass spectra.
Elemental analyses were performed by Atlantic Microlabs (Nor-
cross, GA). NOE difference spectra were obtained at 500 MHz
and samples were not degassed, were not spun, and the probe
temperature was regulated at 27°C. For12, the concentration was
15 mg/0.6 mL in CDCl3, and for9, the concentration was 5 mg/
mL D2O.

Separate spectra to investigate nuclear Overhauser effects (NOEs)
were acquired by low-power irradiation off-resonance and then on
the resonance for the methylene hydrogens, using a 3-second
presaturation period, a 45° pulse, and a 3-second acquisition time.
Typically, 100-300 acquisitions were accumulated for each pair
of free induction decays before processing with exponential line
broadening and Fourier transformation.

NOE difference spectra were presented by subtracting the
spectrum with irradiation off-resonance from the spectrum with on-
resonance presaturation. These difference spectra were then ana-
lyzed by integration of the relevant signals. The inverted methylene
resonances for the two hydrogens labeled g (Figure 1) and h (Figure
2) were assigned an integral value of-200%, and the integrals for
the positive signal enhancements of the various other resonances
were then taken as percent enhancements of their parent signals.
Results are reported as the average enhancements from three or
four replicates of each difference spectrum.

Isopropyl 2-(2,5-Dihydroxyphenyl)-4,5-dihydro-4-methyl-4-
thiazolecarboxylate (10).2-Iodopropane (8.95 g, 52.65 mmol) and
DIEA (6.79 g, 52.65 mmol) were successively added to4 (7.40 g,
29.25 mmol) in DMF (90 mL), and the solution was stirred at rt
for 72 h. After solvent removal under hivac, the residue was treated
with 1:1 0.5 M citric acid/NaCl (300 mL) and was extracted with
EtOAc (250 mL, 2× 100 mL). Combined organic extracts were
washed with 50 mL portions of 1% NaHSO3, H2O, and saturated
NaCl, and the solution was evaporated. Purification by flash column
chromatography using 20% EtOAc in toluene generated 7.94 g of
10 (92%) as a yellow oil: [R]20 +41.1°; 1H NMR δ 1.27 and 1.29
(2 d, 6 H,J ) 5.5), 1.65 (s, 3 H), 3.21 (d, 1 H,J ) 11.6), 3.85 (d,
1 H, J ) 11.2), 5.09 (septet, 1 H,J ) 6.4), 6.89 (m, 2 H,);13C
NMR δ 21.70, 24.36, 40.05, 70.02, 83.78, 115.90, 115.94, 118.05,
121.59, 148.02, 153.11, 171.24, 172.57; HRMSm/z calcd for
C14H18NO4S, 296.0956 (M+ H); found, 296.0956. Anal. (C14H17-
NO4S) C, H, N.

Ethyl 2-(2, 3-Dihydroxyphenyl)-4,5-dihydro-4-methyl-4-thia-
zolecarboxylate (11).Iodoethane (8.61 g, 55.20 mmol) and DIEA
(7.13 g, 55.20 mmol) were successively added to7 (7.36 g, 29.06
mmol) in DMF (100 mL), and the solution was stirred at rt for 48
h. After solvent removal under hivac, the residue was treated with
1:1 0.5 M citric acid/NaCl (300 mL) and was extracted with EtOAc
(200 mL, 2× 100 mL). Combined organic layers were washed
with 150 mL portions of 1% NaHSO3, H2O, and saturated NaCl,
and the solvent was evaporated. Purification by flash column
chromatography using 10% EtOAc in DCM gave 8.01 g of11

(98%) as a yellow oil: [R]20 +57.41°; 1H NMR δ 1.31 (t, 3 H,J
) 7.2), 1.68 (s, 3 H), 3.25 (d, 1 H,J ) 11.6), 3.88 (d, 1 H,J )
11.2), 4.26 (q, 2 H,J ) 7.2), 5.71 (br s, 1 H), 6.79 (t, 1 H,J )
7.8), 6.97 (dd, 1 H,J ) 8.4, 1.2), 7.03 (dd, 1 H,J ) 7.8, 1.2);13C
NMR δ 14.22, 24.56, 40.19, 62.17, 83.26, 115.74, 117.88, 119.13,
121.20, 145.11, 146.83, 172.09, 172.69; HRMSm/z calcd for
C13H15NO4SNa, 304.0619 (M+ Na); found, 304.0625. Anal.
(C13H15NO4S) C, H, N.

Isopropyl (S)-4,5-Dihydro-2-[2-hydroxy-5-(3,6,9-trioxadecy-
loxy)phenyl]-4-methyl-4-thiazolecarboxylate (12).Tri(ethylene
glycol) monomethyl ether (3.19 g, 19.40 mmol) and diisopropylazo
dicarboxylate (4.73 g, 23.39 mmol) were successively added to a
solution of10 (5.62 g, 19.02 mmol) and triphenylphosphine (5.93
g, 22.63 mmol) in dry THF (120 mL) with ice bath cooling. The
solution was stirred at room temperature for 5 h and was maintained
at 5 °C for 16 h. Solvent was removed by rotary evaporation, and
40% EtOAc/petroleum ether (100 mL) was added. The solution
was kept at 5°C for 12 h; the solid formed was filtered. The filtrate
was concentrated in vacuo and was purified by column chroma-
tography (50% EtOAc/petroleum ether) to give 4.36 g of12 (52%)
as a yellow oil: [R]20 +23.2°; 1H NMR δ 1.27 and 1.29 (2d, 6 H,
J ) 6.2), 1.65 (s, 3 H), 3.22 (d, 1 H,J ) 11.2), 3.53-3.58 (m, 2
H), 3.64-3.71 (m, 4 H), 3.72-3.77 (m, 2 H), 3.84 (t, 2 H,J =
4.7), 3.87 (d, 1 H,J = 11.4), 4.08-4.12 (m, 2 H), 5.08 (septet, 1
H, J ) 4.0), 6.91-6.96 (m, 2 H), 7.01 (dd, 1 H,J ) 9.2, 3.2),
12.02 (br s, 1 H);13C NMR δ 21.71, 24.37, 40.01, 59.15, 68.52,
69.69, 69.91, 70.68, 70.76, 70.92, 72.03, 83.83, 115.23, 115.82,
118.03, 121.49, 151.17, 153.80, 171.12, 172.13; HRMSm/z calcd
for C21H32NO7S, 442.1899 (M+ H); found, 442.1887. Anal.
(C21H31NO7S) C, H, N.

(S)-4,5-Dihydro-2-[2-hydroxy-5-(3,6,9-trioxadecyloxy)phenyl]-
4-methyl-4-thiazolecarboxylic Acid (6).A solution of 50% (w/
w) NaOH (3.34 mL, 94 mmol) in CH3OH (34 mL) was added to
12 (2.14 g, 4.85 mmol) in CH3OH (70 mL) with ice bath cooling.
The reaction mixture was stirred at room temperature for 18 h,
and the bulk of the solvent was removed by rotary evaporation.
The residue was treated with dilute NaCl (100 mL) and was
extracted with ether (3× 50 mL). The basic aqueous phase was
cooled in ice, acidified with 2 N HCl to pH ) 2, and extracted
with EtOAc (3 × 100 mL). After the EtOAc layers were washed
with saturated NaCl (100 mL), glassware that was presoaked in 3
N HCl for 15 min was employed henceforth. After solvent removal
by rotary evaporation, 1.88 g of6 (97%) was obtained as an orange
oil: [R]20 +40.0°; 1H NMR (D2O) δ 1.72 (s, 3 H), 3.26 (d, 1 H,J
) 11.2), 3.38 (s, 3 H), 3.54-3.58 (m, 2 H), 3.64-3.71 (m, 4 H),
3.72-3.76 (m, 2 H), 4.07-4.11 (m, 3 H), 6.91-6.95 (m, 2 H),
7.01 (dd, 1 H,J ) 9.0, 3.0);13C NMR δ 24.46, 40.04, 59.04, 68.40,
69.86, 70.48, 70.62, 70.80, 71.91, 83.44, 115.21, 115.65, 118.09,
121.63, 151.12, 153.69, 171.83, 176.18; HRMSm/z calcd for
C18H26NO7S, 400.1429 (M+ H); found, 400.1416.

Ethyl (S)-4,5-Dihydro-2-[2-hydroxy-3-(3,6,9-trioxadecyloxy)-
phenyl]-4-methyl-4-thiazolecarboxylate (13).Tri(ethylene glycol)
monomethyl ether (1.70 g, 10.36 mmol) and diisopropylazo

Table 4. Ligand-Albumin Binding in Rodents Treated with Sodium Benzoatea

experiment dose route N
iron-clearing

efficiency (%)

sodium benzoate 250 mg/kg/dose sc 5 baseline iron
excretion

(S)-4′-(HO)-DADFT (1) 300µmol/kg po 8 1.1( 0.8
(S)-4′-(HO)-DADFT (1)

plus
sodium benzoate

300µmol/kg and
250 mg/kg/dose,
respectively

po and
sc,
respectively

5 12.0( 2.6b

(S)-4′-(HO)-DADFT-PE (3) 300µmol/kg po 5 5.5( 1.9
(S)-4′-(HO)-DADFT-PE (3)

plus
sodium benzoate

300µmol/kg and
250 mg/kg/dose,
respectively

po and
sc,
respectively

4 8.8( 2.4c

a Ligand1 was administered po as its monosodium salt, prepared by the addition of 1 equiv of NaOH to a suspension of the free acid in distilled water.
Liquid 3 was dissolved in distilled water and given po. Sodium benzoate was dissolved in distilled water and given sc at 250 mg/kg/dose× 6 doses. The
first dose of sodium benzoate was given 0.5 h prior to the chelators; additional doses were given hourly thereafter for the next 5 h.b p < 0.001 vs non-
benzoate1 treated animals.c p < 0.05 vs non-benzoate3 treated animals.
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dicarboxylate (2.53 g, 12.50 mmol) were successively added to a
solution of11 (3.0 g, 10.16 mmol) and triphenylphosphine (3.17
g, 12.09 mmol) in dry THF (60 mL) with ice bath cooling. The
solution was stirred at room temperature for 8 h and was maintained
at 5 °C for 40 h. Solvent was removed by rotary evaporation, and
40% EtOAc/petroleum ether (50 mL) was added. The solution was
kept at 5°C for 12 h; the solid formed was filtered. The filtrate
was concentrated in vacuo and was purified by column chroma-
tography eluting with 50% EtOAc/petroleum ether to give 1.08 g
of 13 (25%) as an orange oil. An analytical sample was purified
on C-18 reverse phase column eluting with equal volumes of 50%
aq MeOH and 40% aq MeOH, respectively: [R]20 +40.0°; 1H NMR
δ 1.30 (t, 3 H,J ) 7.2), 1.66 (s, 3 H), 3.23 (d, 1 H,J ) 11.2), 3.38
(s, 3 H), 3.52-3.58 (m, 2 H), 3.63-3.71 (m, 4 H), 3.74-3.79 (m,
2 H), 3.88 (d, 1 H,J ) 11.6), 3.91 (t, 2 H,J ) 5.0), 4.20-4.26
(m, 4 H), 6.79 (t, 1 H,J ) 7.6), 7.01-7.07 (m, 2 H);13C NMR δ
14.18, 24.47, 39.96, 59.10, 62.07, 68.95, 69.79, 70.60, 70.70, 70.91,
71.99, 83.48, 116.42, 117.62, 118.29, 122.71, 147.72, 150.35,
171.70, 172.69; HRMSm/zcalcd for C20H29NO7SNa, 450.1562 (M
+ Na); found, 450.1568. Anal. (C20H29NO7S) C, H, N.

(S)-4,5-Dihydro-2-[2-hydroxy-3-(3,6,9-trioxadecyloxy)phenyl]-
4-methyl-4-thiazolecarboxylic Acid (9).A solution of 50% (w/
w) NaOH (13.88 mL, 266.02 mmol) in CH3OH (120 mL) was
added to13 (8.89 g, 20.80 mmol) in CH3OH (280 mL) with ice
bath cooling. The reaction mixture was stirred at room temperature
for 6 h, and the bulk of the solvent was removed by rotary
evaporation. The residue was treated with dilute NaCl (300 mL),
and the basic aqueous phase was cooled in ice, acidified with 2 N
HCl to pH ) 2, and extracted with EtOAc (4× 150 mL). After
the EtOAc layers were washed with saturated NaCl (300 mL),
glassware that was presoaked in 3 N HCl for 15 min was employed
henceforth. After solvent removal by rotary evaporation, purification
was done on C-18 reverse phase column, eluting with 50% aq
methanol and lyophilized to furnish 4.98 g of9 (60%) as an orange
oil: [R]20 +61.9°; 1H NMR (D2O) δ 1.77 (s, 3 H), 3.35 (s, 3 H),
3.56-3.62 (m, 3 H), 3.64-3.73 (m, 4 H), 3.75-3.89 (m, 2 H),
3.92-3.96 (m, 2 H), 3.99 (d, 1 H,J ) 11.6), 4.25-4.31 (m, 2 H),
6.99 (t, 1 H,J ) 8.2), 7.26-7.33 (m, 2 H);13C NMR δ 24.52,
39.93, 59.07, 69.04, 69.83, 70.49, 70.64, 70.86, 71.97, 83.21,
116.33, 117.94, 118.50, 122.80, 147.67, 150.24, 172.38, 176.10;
HRMS m/z calcd for C18H26NO7S, 400.1429 (M+ H); found,
400.1413.
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